Purpose: Gene expression studies in melanoma have been few because tumors are small and cryopreservation is rarely possible. The purpose of this study was to evaluate the Illumina DASL Array Human Cancer Panel for gene expression studies in formalinfixed melanoma primary tumors and to identify prognostic biomarkers. Experimental Design: Primary tumors from two studies were sampled using a tissue microarray needle. Study 1: 254 tumors from a melanoma cohort recruited from 2000 to 2006. Study 2: 218 tumors from a case-control study of patients undergoing sentinel node biopsy. Results: RNA was obtained from 76% of blocks; 1.4% of samples failed analysis (transcripts from <250 of the 502 genes on the DASL chip detected). Increasing age of the block and increased melanin in the tumor were associated with reduced number of genes detected. The gene whose expression was most differentially expressed in association with relapse-free survival in study 1 was osteopontin (SPP1; P = 2.11 × 10 -6 ) and supportive evidence for this was obtained in study 2 used as a validation set (P = 0.006; unadjusted data). Osteopontin level in study 1 remained a significant predictor of relapse-free survival when data were adjusted for age, sex, tumor site, and histologic predictors of relapse. Genes whose expression correlated most strongly with osteopontin were PBX1, BIRC5 (survivin), and HLF. Conclusion: Expression data were obtained from 74% of primary melanomas and provided confirmatory evidence that osteopontin expression is a prognostic biomarker. These results suggest that predictive biomarker studies may be possible using stored blocks from mature clinical trials. (Clin Cancer Res 2009;15(22):6939-46) 
studies have more recently come from Winnepenninckx et al. who identified a 254-gene signature predictive of survival that included minichromosome maintenance genes in 83 cryopreserved primary tumors (6) and from Kauffmann et al. who identified increased expression of DNA repair genes in metastatic tumors from 60 tumor samples (7) .
Although the work by Winnepenninckx et al. (6) represents a major development in the field, the development of approaches to analyze formalin-fixed tumors would allow studies using large numbers of samples stored from melanoma cohorts/clinical trials with long follow-up and potentially with less bias consequent on selected sampling of tumors deemed suitable for cryopreservation. We have used the Illumina DASL (cDNA-mediated annealing, selection, extension, and ligation) assay (8) , which has been specifically developed for use in formalin-fixed tissue, to investigate prognostic biomarkers in stored primary melanomas, and we report here an evaluation of the technique and confirmation of the significance of increased osteopontin expression in melanoma. In this large study, we also investigated the value of quality-control measures and sample characteristics to predict performance of RNA samples with the DASL assay.
Materials and Methods
Patient samples. Formalin-fixed, paraffin-embedded primary melanoma blocks were identified from two study sets (Table 1 ). In study 1, population-ascertained incident melanoma cases were recruited to a case-control study in a geographically defined area of Yorkshire and the Northern region of the United Kingdom (67% participation rate). All patients gave written informed consent to participation. 961 male and female patients (ages between 18 and 76 years) were diagnosed from September 2000 to December 2005 (9, 10) . The cases were identified via clinicians, pathology registers, and the cancer registry to ensure maximal ascertainment. Between September 2000 and December 2001 and from July 2003 to December 2005, patients with Breslow thickness <0.75 mm were not invited to maximize the value of the sample as a cohort looking at prognostic outcomes. Between January 2002 and June 2003, all patients with invasive melanoma were invited to participate. The first 254 blocks identified from participants within the cohort with tumors thicker than 0.75 mm with the longest follow-up comprised the test set. In study 2 (the validation set), patients with melanomas with Breslow thickness ≥0.75 mm having undergone sentinel node biopsy (SNB) were recruited to a multicenter retrospective case-control study. Five centers from the United Kingdom identified all patients having had SNB from November 1994 until 2006. Cases were melanoma patients with a positive SNB and controls were those with a negative SNB. The number of patients with a negative SNB, being greater than the number with a positive result controls, was randomly selected to be frequency matched by year of SNB and by the center at which the SNB was done. The first 218 blocks identified from participants with the longest follow-up in a study designed to identify predictors of sentinel node positivity and relapse were sampled. In both studies, the blocks sampled were representative of the age, sex ratio, and site distribution of the whole data sets. The Breslow thickness was higher in the study 1 samples than in the whole study, as expected, as we were unable to sample very small tumors ( Supplementary Table S3 ). Both studies were approved by both of the UK national ethics committees (MREC and PIAG). Here, we report expression studies carried out in samples from study 1, which we subsequently sought to validate in samples from study 2.
Sample preparation. Primary tumor blocks were identified and a H&E-stained slide was examined to identify the deepest part of the tumor having a diameter of >0.8 mm, containing the lowest admixture of inflammatory or stromal cells. This area was marked using a
Translational Relevance
This article reports an investigation of new technologies to perform gene expression studies in small formalin-fixed tumor biopsies. The study identified increased expression of osteopontin as a predictor of relapse in melanoma. The study therefore confirms an important potential drug target, but its translational relevance is that the study supports the view that high-throughput gene expression studies are now possible from tumor banks. Stored tissue from mature clinical trials may be accessed to investigate predictive markers using this approach. fine-tipped permanent marker and a tissue microarray needle was then used to sample the tumor block horizontally (Supplementary Information). Tissue microarray core needles were used to sample tumors as an efficient approach to obtain sufficient RNA yields from the deepest part of the tumor, in studies potentially using many hundreds of samples while preserving the block for use by pathologists subsequently. Melanin present in primary melanomas copurifies with DNA resulting in two major problems. Absorption of UV light can lead to unreliable spectrophotometric quantification of nucleic acids (11) . More importantly, melanin can inhibit DNA polymerases (12) . To allow evaluation of the effect of melanin on gene expression analysis of melanoma samples, slides were graded using a system devised to visually score melanin content of tissue microarray cores (0-3).
RNA extraction. Tissue cores were dewaxed using xylene and two changes of absolute ethanol. RNA was extracted in batches of 24 tissue cores using the High Pure Paraffin RNA kit (Roche Diagnostics) according to the manufacturer's protocol and eluted in 25 μL nuclease-free water. For quality-control measures, see Supplementary Information.
DASL expression arrays. The Illumina DASL Human Cancer Panel gene set was used to perform the DASL assay for gene expression profiling of all test and control samples. The Cancer Panel includes 1,536 unique sequence-specific probes targeting 502 genes. Each gene is targeted in three locations by three separate probe pairs designed by a proprietary algorithm (ref. 8; Supplementary Information) .
Data pre-processing. The data were normalized using Beadstudio software (Illumina) before exporting to Stata version 10 for statistical analyses. The normalization methods used were background correction, cubic spline smoothing (13) , and plate scaling. Normalization was conducted relative to a synthetic reference array, which was created in each study by averaging all melanoma samples (Supplementary Information).
Target validation by quantitative real-time reverse transcription-PCR. Osteopontin (SPP1) expression, identified as significantly associated with relapse or histologic variables that predict relapse, was further investigated by quantitative real-time reverse transcription-PCR on samples from study 1 using probes corresponding to the locations of the DASL probes [Taqman Gene Expression Assays Hs00960942_m1 (exons 1-2) and Hs00959010_m1 (exons 5-6); Applied Biosystems; Supplementary Information]. The comparative Ct (or ΔCt) method was used to compare relative fold change in expression of two regions of SPP1.
Statistical methodology. The number of genes detected in each sample (probe signal significantly greater than average signal from negative controls; P < 0.05) was used as a measure of the quality of the results. The influence of age of tissue block and melanin level of the tumor on number of genes detected was investigated using Spearman's rank correlation and Kruskal-Wallis tests, respectively.
Methods used to measure quality and quantity of RNA before use in the DASL assay were assessed by correlating the number of genes detected in samples with the quality measure data using either Spearman's rank correlation or Kruskal-Wallis test. Samples with <250 detected genes were classified as failed and excluded from further analysis (Supplementary Table S1 ). Analysis of sample replicates is detailed in Supplementary Table S2 . Mean gene expression was used for the remaining sample replicates.
Differential gene expression and survival analyses were done using log-transformed normalized data (log 2 ). Within the sample sets, mean expression of each gene was compared between samples with histologic features of interest using two-sample t tests and linear regression. Relapse-free survival was defined as the period between diagnosis and date of first relapse at any site. Survival analysis was done using Cox proportional hazards model to calculate hazard ratios and 95% confidence intervals for each gene. These analyses were done unadjusted and adjusted for demographic and histologic factors of prognostic importance in melanoma. Significance values were ranked to identify genes most differentially expressed between groups of interest. Using the Bonferroni method to correct for multiple testing, the significance level was set at 0.0001 for these analyses. All analyses were undertaken using Stata version 10 (StataCorp 2007).
Generation of gene networks using Ingenuity software. The combined data from the studies, fold changes, and significance levels of genes differentially expressed in tumors from patients with reduced relapse-free survival time were analyzed using Ingenuity Pathway Analysis software (Ingenuity Systems). Genes >1.2 times overexpressed or underexpressed with significance levels <0.05 were interrogated by Ingenuity to find genes most related to each other and a network of these relationships was generated. 
Results
Descriptive statistics on the sample sets. The two samples sets were similar (Table 1) . Participants in study 2 were slightly younger. Study 2 tumors had a significantly higher mitotic rate (Pearson's χ 2 ; P = 0.03) and a correspondingly higher relapse rate (23.7% for study 1 and 31.8% for study 2, respectively; Pearson's χ 2 ; P = 0.06) and death rate (13.5% for study 1 and 23.7% for Study 2, respectively; Pearson's χ 2 ; P = 0.01). The sample sets were broadly representative of the larger study sets from which the samples were derived ( Supplementary  Table S3 ). Use of a tissue microarray needle precluded sampling of thin tumors, which accounts for the higher proportion of thicker tumors in the larger study set 1.
RNA yields obtained from tumor samples. Of the 472 formalinfixed, paraffin-embedded primary tumor blocks identified, 378 (80%) were selected for sampling. Reasons for not sampling a block included too little residual tumor after sectioning for clinical purposes or other research projects and tumor cells being mixed with large numbers of normal stromal or inflammatory cells. In 17 of 378 (4.5%), a core was taken, but inadequate quantities of RNA were obtained as measured using the Bioanalyzer. Overall, adequate RNA yields were obtained from 361 of 472 (76%) of blocks.
Quality-control measures for DASL. Four hundred twentythree RNA samples including replicate samples were supplied to the Illumina DASL service provider. Less than 250 genes were detected in 6 (1.4%) samples, which were classified as failed samples. The failure rate was 2.1% in study 1 and 0.9% in study 2 ( Supplementary Table S1 ).
Supplementary Table S1 summarizes the associations between quality-control measures, age of block, and melanin content of tumor and the number of genes detected. Increased block age was predictive of a reduced number of genes detected in study 2 but not study 1 (the range of block age being much greater in study 2). Increased melanin score was predictive of reduced number of detected genes in study 1. The best quality-control predictors of number of genes detected were RNA concentration, RNA integrity score (14) , and the C T value from quantitative real-time reverse transcription-PCR.
Expression data Study 1. Genes most differentially expressed in tumors from patients with reduced relapse-free survival are presented in Table 2 . The gene most predictive of relapse-free survival in study 1 was osteopontin (increased expression was associated with shorter relapse-free survival). In study 1, the hazard ratio for reduced relapse-free survival associated with increased expression was 3.17 (unadjusted; significant at the P = 2.11 × 10 -6 level). This association persisted when the analysis was repeatedly adjusted for host variables known to predict relapse (age, sex, and tumor site; P = 9.19 × 10 -6 ) and when adjusted additionally for Breslow thickness, mitotic rate, and the presence of tumor ulceration (P = 0.001; Table 3 ). Fold change of expression signal was 1.55 between relapsers and nonrelapsers in unadjusted analysis. Increased osteopontin expression was also predictive of overall survival [hazard ratio, 2.63 (95% confidence interval, 1.38-5.04); P = 0.002] with a fold change of 1.41. This association remains significant after adjusting for age, sex, and tumor site (P = 0.004). Expression signals from all three osteopontin probes on the array were comparably predictive of reduced relapse-free survival in study 1 (hazard ratio range, 2.10-2.84; significance value range, 0.0002-9.91 × 10 -6 ).
Study 2. In these samples, increased osteopontin expression was also associated with reduced relapse-free survival at the P = 0.006 level in unadjusted analyses, with a similar fold change of 1.32 (Table 3) . When corrected for age, sex, and tumor site, the significance of the association was P = 0.006. Increased osteopontin expression furthermore was associated with poorer overall survival [hazard ratio, 1.6 (95% confidence interval, 1.1-2.5), P = 0.02] in unadjusted analysis. The fold change between survivors and nonsurvivors was 1.3. Osteopontin remained associated with overall survival after adjusting for age, sex, and tumor site (P = 0.02). Quantitative real-time reverse transcription-PCR. Quantitative real-time reverse transcription-PCR with probes to exons 1/2 and 5/6 showed that increased expression of osteopontin with fold changes of 1.74 and 1.67, respectively, was associated with reduced relapse-free survival in study 1 (compared with a fold change of 1.55 in the DASL analysis).
Coexpression of genes with osteopontin. The expression of genes most closely correlated with osteopontin expression was studied in the pooled data set for both studies (analysis adjusted for study) and the results are presented in Table 4 . We have listed 32 genes whose expression was significantly correlated (either positively or negatively) with that of osteopontin at the 1.0 × 10 -5 significance level or less and have correlated this further with relapse status. Genes whose upregulation was associated with osteopontin upregulation and with reduced relapse-free survival were BIRC5, IL-8, TK1, HMMR, TOP2A, CCNA2, CDC2, RAD51, NQO1, PTPRH, and MAPK10. We also present a gene network for osteopontin derived using Ingenuity Pathway Analysis ( Fig. 1 ; Table 5 ). The literature-derived Ingenuity knowledge base identified osteopontin as involved in cell adhesion, cell proliferation, and cell migration. The network shows that osteopontin is the terminal component of many pathways; therefore, overexpression of osteopontin may reflect combined activity in many of these pathways.
Discussion
Fortunately, melanoma has a good prognosis in the majority of patients, but advanced disease is extremely difficult to treat. Most chemotherapeutic regimens in use have response rates of 12% to 15% (15); unfortunately, there are no biomarkers in clinical use to identify patients likely to benefit. Poor progress in the development of biomarkers has been at least in part a result of the fact that primary melanomas are physically small, and pathologists are reluctant to cryopreserve tumor. Therefore, we have explored the possibility of using the Illumina DASL assay to produce gene expression profiles from formalin-fixed tumor tissue. The strengths of this study are that it represents much the largest study of gene expression in primary melanoma and benefits from a test sample set and a validation set.
Concerns about the use of fixed tumors derive from the degradation of RNA, which results from delayed time to fixation (16) and time in formalin (17) . Increasingly, however, it has been suggested that technical modification can allow profiling of gene expression and microRNA (18) (19) (20) (21) . The Illumina DASL assay has been shown in other studies to produce comparable results for formalin-fixed and fresh or frozen cells (22, 23) . In this article, we report the generation of expression data from 74% of consecutive formalin-fixed melanomas. The paucity of cryopreserved tissue is such that researchers have not been able previously to generate expression data from other than a highly selected proportion of melanoma samples. We have not, in this study, carried out extensive comparisons between results from frozen or fresh and formalin-fixed tumors as previous studies have addressed this (8, 23, 24) . Our data suggest that future studies designed to identify predictive or prognostic biomarkers for melanoma would generate results from ∼75% of samples depending on the age of the blocks and the proportion that were deeply pigmented. We would anticipate that, in predictive biomarker studies, we would achieve results from a higher proportion, as patients undergoing chemotherapy are likely to have larger primary tumors than a significant proportion of the tumors sampled in these studies.
The limitations of this study are related to the presence of a limited number of genes on the DASL Cancer Panel and to sampling of tumors using tissue microarray cores. Using a tissue microarray core does not allow confirmation of the tumor content throughout the core; therefore, there is potentially greater contamination with normal cells than in laser microdissected samples. Furthermore, by using this technique, we were unable to sample very small tumors, so there is a bias toward sampling of larger tumors. The use of this technology, however, has allowed a far greater range of tumors to be examined than in previous research based on cryopreserved tumors. The use of microdissection would address some of these concerns but would be very much more time-consuming for large-scale studies.
Osteopontin was identified as the gene whose increased expression was most strongly associated with reduced relapsefree survival and the validity of this finding was tested by comparison of test and validation sample sets. Quantitative real-time reverse transcription-PCR using probes to the same gene detected similar fold changes associated with relapse. We did not go on to confirm the findings using immunohistochemistry because a large study recently reported that osteopontin staining predicts sentinel node positivity and relapse in melanoma (25) . Two small previous studies using cryopreserved tumors also showed a correlation between osteopontin expression and progression in melanoma (26, 27) .
Osteopontin is a glycophosphoprotein cytokine with pleiotropic effects. In normal tissues, it plays a role in inflammation, vascular and bone remodeling, and wound repair. It also has a role in cell adhesion, chemotaxis, prevention of apoptosis, invasion, migration, and anchorage-independent growth of tumor cells (28) . In terms of inhibition of apoptosis, it is of note that, in our data set, increased expression of osteopontin correlated with increased expression of BIRC5 (survivin; P = 2.0 × 10 -10 ), which was also overexpressed in tumors from patients with poorer relapse-free survival time. Survivin is recognized as a mediator of resistance to apoptosis, increased cell proliferation, and invasiveness in melanoma (29, 30) . Osteopontin has a key role in the regulation of cell signaling, which controls neoplastic and malignant transformation and has been identified as a possible drug target (31) . It is known to modulate several signaling pathways such as growth factor/receptor pathways via interactions with cell surface receptors such as CD44 and integrins and the metalloproteinases (32, 33) . Osteopontin regulates α v β 3 integrin-mediated, phosphoinositide 3-kinase/Akt/NF-κB-dependent urokinase plasminogen activator and metalloprotein expression, which is associated with tumor cell invasiveness (33) . This interrelation between osteopontin and NF-κB complex is pictured on the Ingenuity network ( Fig. 1) . Osteopontin also increases epidermal growth factor receptor activation (34) and is thought to provide the molecular link between degradation of the extracellular matrix, tumor progression, and vascularization (34) . In our data set, we saw commensurate increased expression of genes involved in the interaction between tumor cells, the extracellular matrix, and angioneogenesis such as MMP1, IL8, and VEGF.
Increased expression of osteopontin has been shown in several different cancers, and in some, secreted levels in the blood have prognostic value (33, 35) . A proportion of melanomas have NRAS mutations (36) , and in these, osteopontin transcription may be transcriptionally activated by the RAS oncogene (37) . Its expression is also regulated by Wnt/Tcf signaling, ste-roid receptors, growth factors, Ets, and activator protein-1 transcription factors (38) . In our data set, we saw corresponding increased expression of genes involved in cell cycling (CCNA2 and CDC2), DNA replication and repair (TOP2A and RAD51), cell signaling (PTPRH and MAPK10), and cell division and proliferation (BIRC5 and TK1). HMMR is associated with cell motility and the cell cycle and expression levels have been shown to increase with melanoma progression (39) . Increased osteopontin expression was associated with reduced expression of the tumor suppressor gene GAS1, which was also underexpressed in tumors from patients who relapsed. GAS1 was recently suggested to be an important tumor suppressor for melanoma (40) .
There are in vitro and animal data that suggest a role for osteopontin in melanoma (32) , and in a recent large immunohistochemical study of 345 patients, increased osteopontin expression was associated with reduced relapse-free and overall survival and increased probability of sentinel node positivity (25) . Our study provides strong corroborative evidence for osteopontin expression as a prognostic biomarker and possibly a drug target in melanoma.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed. 
